The modulating voItages applied to the DIII-D gyrotrons are controlled by reference signals which ate synthesized by arbitrary waveform generators. These generators allow ECH operators to preprogram reference waveforms consisting of ramps, Bat tops, and various modulation shapes. This capability is independent of the DUI-D central timing and waveform facilities, which provides the ECH operators operational flexibility. The waveform generators include an amplitude modulation input, providing a means to control the pre-programmed waveform externally. This Input is being used to allow the DIII-D plasma control system (PCS) to control gyrotron power in response to selected feedback signals. As the PCS control signal could potentially modulate the gyrotrons beyond operational limits or otherwise in a manner leading to recalcitrant rf generation, the control signal is conditioned so that its effect upon the ECH pre-programmed reference waveform is limited by conditions set by the ECH operators. The design of the circuitry which restricts the range over which the PCS control signal may modulate the reference waveform will be discussed. Test and DIU-D experimental results demonstrating the utility and effectiveness of gyrotron power modulated by the PCS will be presented.
I. INTRODUCTION There are five gyrotrons available at the DIU-D National Fusion Facility for electron cyclotron heating (ECH) and current drive (ECCD). Together, they inject an average power of 3.5 MW. They participated in the successful demonstration of plasma science experiments such as neo-classical tearing mode (NTM) suppression and current profile control [I].
DIII-D uses a real-time computer control system, designated the plasma control system (PCS), to control and respond to plasma parameters and events within the tokamak 121. Allowing this system to control injected gyrotron power expands the range of parameters which can be cantrolled and hence the breadth of experiments which can be conducted. Philosophically, it is desirable to maintain responsibility for establishing gyrotron operating parameters with the gyrotron control system [GCS) 131. This is in lieu of relying on the PCS for gyrotron operation and unnecessarily burdening the PCS. To accomplish this, the PCS provides a real-time dimensionless input to the GCS, which is interpreted as a throttle signal. The GCS is responsible for conditioning this throttle signal into a modulation input to be used by the gyrotron cathode reference waveform generator.
U. CIRCUIT DESIGN REQUIREMENTS
Circuit design requirements were established with the goal of ECH retaining responsibility for controlling the operating regime of the gyrotrons and for the FCS to modulate output rf power within that regime. A method for accomplishing this was conveniently provided by the arbitrary waveform generator already used to form the reference signal for the gyrotron cathode voltage. The Wavetek model 395 includes an AM input which modulates its output. This feature could be used by the PCS to modulate a baseline reference waveform preprogrammed by the GCS. The PCS signal would have to be limited to avoid over-modulating the waveform. Overly enhancing the waveform could cause the gyrotrons to exceed their design parameters. Overly depressing the waveform could cause the gyrotrons to change mode, leading to recalcitrant rf generation. It could also cause excessive charging currents if the waveform was subsequently raised too quickly. The charging currents might be interpreted as fault currents by the protective circuitry and lead to pulse termination. To avoid these scenarios and remain in a desirable operating regime, the AM input to the waveform generator would be formed by weighing the PCS signal, the predetermined gyrotron cathode voltage operating range, and the peculiarities of how the AM input signal is used by the waveform generator.
In practice, the GCS shall program the reference waveform far maximum available gyrotron performance, under the discretion of the ECH operators. Thus, the AM input will be used only to reduce, and not enhance, gyrotron output power. Importantly, the GCS waveform also establishes the baseline pulse initiation ramps, which encourage development of the desired RF mode without excessive charging currents.
The GCS will interpret the PCS signal as a throttle input. A maximal signal will allow the preprogrammed GCS waveform to pass unaltered, resulting in maximum available power. A minimal PCS signal will result in passing a reference level previously determined to result in minimal rf generation without driving the gyrotron into an unrecoverable operating regime.
III. CIRCUlT DESIGN
The circuit which conditions the input from the PCS is built around the Analog Devices AD633 4-quadrant analog multiplier IC. It includes two differentia1 scaling inputs and a summing input (Fig. 1) .
The Wavetek 395 uses a 2.5 Vpp signal fed to its AM input to modulate a pre-programmed waveform. A voltage of 1.25 V corresponds to 100% scaling and -1.25 V results in 0% scaling. The desired signal to the AM input can be determined by assuming that (1) 
The factor of 114 and the offset of 1.25 are applied to the output of the AD633. A biased, bipolar diode limiter sub-circuit (Fig. 2) restricts the incoming PCS signal to a 0 V to +10 V range. An analog outpul channel of a programmable logic controller (PLC) supplies the 10LoLimitHiLimit reference level.
The data sheets for the AD633 claim an accuracy of 2% of full scale and a non-linearity of up to 0.4% of full scale.
With a scaling factor of 10 V = 100 kV, 2% accuracy equates to 2 kV. The 10 V bandwidth is 1 MHz, the slew rate is 20 Vlps, and noise is less than 100 pV. These specifications are adequate for the application. The circuit for each gyrotron was tested to verify the protection and performance aspects of the design prior to first use with high voltage. The diode limiter sub-circuit was closely examined along with the rest of the circuit to ensure that the PCS signal could not drive the cathode voltage reference waveform beyond the desired operating range. The circuits were also checked for linearity and accuracy within the operating range. Full system tests including the PCS were performed using DUI-D plasmas as targets. These tests demonstrated that gyrotron output power would follow complex PCS command signals with sufficient fidelity. Fig. 3 illustrates one of the test signals and the resultant gyrotron rf output. The PCS commands nine periods of 50 Hz square wave modulation followed by a 300 ms ramp-down. The pre-programmed GCS waveform (not shown) ramps up for about 30ms and then remains flat for the remainder of the 500 ms pulse. The rf output follows the product of these two waveforms. The irregularity seen in the rf output is partially due to nonfundamental components present at the waveguide power monitor used, which is located close to the gyrotron.
V. EXPERIMENTAL USAGE
The usefulness of this capability is realized when the PCS is used in feedback mode to control plasma parameters. An example of this is using the PCS to control the electron temperature (Te) profile with ECH [4]. Fig. 4 illustrates a test using a saw-tooth waveform as the target for T,. Tracking is quite good when gyrotron power is required to increase the electron temperature. T, is lowered passively, where the PCS control signal is minimized. Interestingly, gyrotron power is insufficient to reach the target on the last peak, and the PCS control signal reaches a plateau as would be expected. Ref. Fig. 4 . Arbitrary control of the plasma electron temperature using PCS control with feedback. Since gyrotron power can raise but not lower the electron temperature, fidelity is best near the target peaks. On the Iast cycle, gyrotron power is insufficient ta reach the target, as evidenced by the plateau on the PCS control signal.
CONCLUSIONS
The conditioning and protection circuitry presented allows the DIII-D Plasma Control System to regulate gyrotron output power without burdening the PCS with maintaining gyrotron operation. Responsibility for controlling the operating regime of the gyrotrons remains with the gyrotron control system and its operators. Gyrotron output power follows the PCS control signal with sufficient fidelity to be useful for plasma experiments. When used with feedback control, the PCS and ECH can control pIasma parameters such as the electron temperature profile.
